A study was undertaken to develop a prediction model of compressive strength for three types of high-porosity cast-in-situ foamed concrete (cement mix, cement-fly ash mix, and cement-sand mix) with dry densities of less than 700 kg/m 3 . e model is an extension of Balshin's model and takes into account the hydration ratio of the raw materials, in which the water/cement ratio was a constant for the entire construction period for a certain casting density. e results show that the measured porosity is slightly lower than the theoretical porosity due to few inaccessible pores. e compressive strength increases exponentially with the increase in the ratio of the dry density to the solid density and increases with the curing time following the composite function A 2 (ln t) B 2 for all three types of foamed concrete. Based on the results that the compressive strength changes with the porosity and the curing time, a prediction model taking into account the mix constitution, curing time, and porosity is developed. A simple prediction model is put forward when no experimental data are available.
Introduction
Foamed concrete is an important type of geotechnical material [1] . It is a light solidification material mainly composed of cement, a filler, and a percentage of stable tiny bubbles and possesses the advantages of being light weight, vertically stable, and convenient for construction [2] [3] [4] [5] . e statistical results compiled by the China Concrete and Cement Products Association (CCPA) indicate that the annual production volume of foamed concrete was over 40 million·m 3 in China in 2016, of which more than 80% was cast-in-situ foamed concrete. Due to the increase in large-scale construction and civil engineering projects, the applications of foamed concrete will increase in the future. erefore, it is important to control the quality of foamed concrete. In the application of foamed concrete for engineering projects, the quality indicators are the casting density during the casting process and the compressive strength during the design stage. However, it is important to know the compressive strength of the foamed concrete at different times after the casting process and during the initial construction period.
erefore, it is necessary to develop a compressive strength prediction model by considering the important parameters and the mix compositions. e strength of foamed concrete is influenced by a number of parameters that have been determined in previous studies [6] [7] [8] . e uniaxial compressive strength is given by
where σ 0 is the uniaxial compressive strength of concrete at a porosity of 0; p is the porosity; m is the degree of hydration, 0 ≤ m ≤ 1, m � 0 means the start of the hydration and m � 1 means the completion of the hydration; and m w /m c is the water/cement ratio. Based on (1) , for the same curing conditions and mix composition, the strength of the foamed concrete is mainly influenced by the porosity, the degree of hydration, and the water/cement ratio. Several models have been proposed to express this ratio, and they are listed in Table 1 . It is evident that several compressive strength prediction models for foamed concrete are based on the Powers model and the Balshin model; most prediction models have limitations in terms of the influencing factors of porosity, the degree of hydration, and the water/cement ratio.
As can be seen in Figure 1 , foamed concrete is a typical noncompacting type of concrete; therefore, the porosity of foamed concrete is controlled by the volume of the voids in the concrete. e voids include gel pores, microcapillaries, macrocapillaries, and artificial air pores [15, 16] . Based on (1), its compressive strength is related to the proportion occupied by voids. Odler and Röβler [7] established a relationship between porosity and strength for a series of cement pastes with different water/cement ratios after periods of hydration. e research showed that the relationship between the compressive strength and the porosity is linear for porosity values between 5% and 28%. Fagerlund [17] stated that it is necessary to determine a limit for the porosity. When the porosity is below the limit, an equation fits the experimental data. For higher porosities, a different equation is required. As the foamed concrete density increases, the pore spaces become smaller and the pore walls become thicker. When the dry density of foamed concrete is more than 700 kg/m 3 (the relative density is about 0.3), there is a transitional change and the material changes from a porous structure to a solid structure containing isolated pores [18] . e dry density of foamed concrete used as roof insulation material ranges from 160 to 300 kg/m 3 . For heat insulation material, the dry density ranges from 300 to 500 kg/m 3 . When used as geotechnical fill material, its dry density ranges from 400 to 600 kg/m 3 [19, 20] . As we can see, all values all smaller than 700 kg/m 3 . For a given casting density of foamed concrete, when the water/cement ratio is low, the added bubbles will burst while the mixture is being stirred and the flow requirement of the foamed concrete cannot be reached. When the water/cement ratio is high, instability will occur for the fresh foamed concrete and the bubbles float on top of the foamed concrete slurry. is separation phenomenon between the foam and the cement slurry influences the casting results [21, 22] .
ese two phenomena related to bubble instability are shown in Figure 2 . For the cast-in-situ foamed concrete during construction, the flow value is regulated between 160 and 180 mm. As for the cast-in-situ foamed concrete, a superplasticizer was not added during the production process due to limitations in the construction conditions and the construction equipment; therefore, the water/cement ratio was a constant value for a given casting density.
e degree of hydration of the foamed concrete is a function of time, curing temperature, and other parameters. As the curing time increases, the cement hydration in the foamed concrete may produce solid products that fill the pores of the sample. At the same time, the self-weight consolidation and evaporation of water may significantly increase the stiffness and density of the samples [23] . A study on the effect of the relationship between water permeability and pore connectivity under different curing times indicated that the sample had a coarse structure during the early stage, 
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Kearsley and Wainwright [14] Cement, sand, fly ash whereas the pore structure in the hardened cement paste became denser as the curing time increased [24, 25] . For the same casting density and curing conditions, the compressive strength of foamed concrete varies with the curing time; therefore, it is necessary to know the compressive strength for di erent curing times. In view of these observations, it is necessary to develop a model for compressive strength prediction of high-porosity cast-in-situ foamed concrete that should consider the porosity and the degree of hydration. e model can help determine the mix composition of the foamed concrete, the casting density, and the compressive strength. At the same time, it will provide a reference for the initial construction time of the engineering project.
Materials and Methods

Materials.
e foamed concrete used in this study was made from ordinary Portland cement, ne sand, y ash, and bubbles.
e constituent materials used in the experiments are shown in Table 2 . In this research, a synthetic type of foaming agent was used because it was highly eco-friendly and its air bubbles were strong. e bubbles were entrained or entrapped within the slurry to promote lightness [26, 27] .
Mix Design Procedure.
To produce the bubbles for the production of the samples, the foaming agent was diluted with water at a ratio of 1 : 60 (namely, the multiple of dilution equals 60). A prefoaming method was used to produce the foamed concrete. In this method, the air bubbles were rst foamed by a bubble generator, which is shown in Figure 3 . e density of air bubbles was set at 35 ± 5 kg/m 3 . A owchart of the foamed concrete mix method is shown in Figure 4 . e cement, y ash, and sand were mixed with water at a certain ratio to produce a cement slurry as shown in Table 3 . After that, the air bubbles were mixed well with the cement slurry by stirring with an electric blender to produce the foamed concrete.
Samples and Maintenance
Procedure. Twenty-one densities of foamed concrete were cast; the corresponding mix proportions and major parameters are listed in Table 3 . For each density, the number of groups was decided by the testing time. Six identical samples (100 mm long × 100 mm wide × 100 mm high) were prepared for each group and Advances in Materials Science and Engineeringtesting time. ree samples were used to test the compressive strength, and the others were used to measure the dry densities. e samples were demoulded after 24 h to ensure that they were su ciently hard for further handling. en, all the test samples were subjected to standard curing.
Testing Method
Compressive
Strength. e cubes were tested by using a compressive machine at the pace rates of 2.00 kN/s according to the "Test method of autoclaved aerated concrete" (GBT 11969-2008). e stress data were recorded to determine the uncon ned compressive strength. e data used for the analysis consisted of the average of three sample test results.
Porosity.
e measured porosity of the foamed concrete was determined using a vacuum saturation apparatus. e samples were placed in an electric, constant-temperature drying oven at 60°C for 24 h. After that, the temperature was increased to 80°C and maintained for 24 h. e samples were dried at 100°C until the weight of the samples was constant. After the samples were placed into the vacuum saturation apparatus (Figure 5 ), the pressure was maintained at −1 MPa for 2 h. After turning on the air valve, water owed into the device slowly until the samples were immersed in the liquid. Prior to the weighing tests, the samples were saturated for another 22 h. e measured porosity was calculated using the following formula [29] :
where P is the vacuum saturation porosity (%), W sat is the weight in air of the saturated sample, W wat is the weight in water of the saturated sample, and W dry is the weight of ovendried sample.
Results and Discussion
Nambiar and Ramamurthy [12, 30] expressed the theoretical porosity of foamed concrete using the variables of casting density, water-solid ratio, ller-cement ratio of the freshly foamed concrete mixture, speci c gravity of the cement, and unit weight of water, which can be seen in (3) and (4). According to previously determined data, the porosity values vary from 0.18 to 0.23 for di erent kinds of raw materials and di erent proportions of ingredients [10, 31, 32] . e ratio of hydration water to cement by weight is assumed to be 0.2.
ese equations are inconvenient and awed. First of all, there are many variables that need to be calculated. Secondly, it is assumed that the hydration of the cement is complete, which ignores the degree of cement hydration. Lastly, these equations do not consider the di erence in the hydration water between the cement and the admixtures. In order to avoid these problems, the following equation can be used to determine the theoretical porosity [18] :
where ρ * is the dry density of foamed concrete and ρ s is the dry density of the solid material.
In (5), the dry density can be considered a certain value for the same mix constitution for the same brand of material when it is completely hydrated. When the constitution proportions of the materials change, ρ s can be obtained based on the proportions of the constitutions. e hydrations of the cement and admixtures are functions of the curing time, and the degree of hydration will a ect the dry density. When the hydration is complete and the testing time is long enough, (3) and (4) are applicable. However, (5) applies in all cases. In addition, this equation is simple and intuitive.
e relationship between the measured and theoretical porosities (after 1 year) of foamed concrete is shown in Figure 6 . It is evident that deviations exist between the measured and theoretical porosities. For all mixes, the Step 1
Step 3
Step 2
Step 4 Figure 4 : Flowchart of the foamed concrete mix method [28] . Advances in Materials Science and Engineeringmeasured values are lower than the theoretical values. e reason is that foamed concrete has closed pores, which are di cult to ll entirely with water. e closed pores di er for di erent casting densities. In high-density casting, the closed pores occur in the pore structures and pore walls, while in low-density casting, the closed pores mainly occur in the pore walls. A comparison of the di erences between the measured and theoretical porosities for the three types of foamed concrete of the same casting density indicates that the di erence is largest for the cement mix, followed by the cement-y ash mix and the cement-sand. After the addition of y ash, the initial setting time of the foamed concrete increases resulting in instability of the foamed concrete slurry and an increase in the number of connected holes [14] . For the foamed concrete containing sand, the pore walls become thinner and the number of the connected holes increases due to the reduction in the cement proportion and the increase in the density of the solid material [33, 34] . When the number of connected holes increases, there is a higher likelihood that the voids are lled with water, which decreases the deviations between the measured and the theoretical porosities.
E ect of Porosity on Compressive Strength.
e relationship between the theoretical porosity and the compressive strength (28 days and 1 year) of the foamed concrete is shown in Figure 7 . e data show that the compressive strength increases exponentially with the increase in ρ * /ρ s as described in (6); this occurs for all types of foamed concrete for the 1 yr duration and the 28 d duration.
A comparison between Figures 7(a) and 7(b) shows that the dry density is slightly higher for 1 yr than for 28 d for the same density of foamed concrete because the hydration reaction is not fully complete at 28 d, which is consistent with previously reported results [2] . For the three conditions (f/c 0, s/c 0; f/c 0, s/c 1; f/c 1, s/c 0), the A 1 value is higher for 1 yr than for 28 d. e B 1 value is lowest for the cement-sand mix, followed by the cement mix and the cement-y ash mix. Table 4 lists the constants of the strength-porosity models of the foamed concrete with various mix constituents. It shows that the values of the constants obtained in this study are close to the values obtained by Ho [13] using cement paste. However, the constants obtained in this study are lower than those obtained by Nambiar and Ramamurthy [12] for cement-sand. Nambiar and Ramamurthy [21] stated that foamed concrete with a y ash additive was less dependent on the pore parameters than foamed concrete with sand; these results di er from our results. Figure 8 shows the microscopic photographs of the pore wall structures of the foamed concrete with di erent casting densities. e pore wall structure is dense for the high-density casting and less dense for the low-density casting. In the low-porosity foamed concrete (f/c 0, s/c 1), the sand has an interlocking e ect under pressure. In the high-porosity foamed concrete (f/c 0, s/c 1), the hole walls are thinner and less dense, which reduces the interlocking e ect. erefore, in this study, the σ 0 parameter of high-porosity foamed concrete only re ects the uniaxial compressive strength of the mix constitution.
E ect of Curing Time on Compressive Strength.
Most of the existing compressive strength prediction models have been used to predict the strength of the foamed concrete after casting at particular times, while the compressive strength of foamed concrete increases with the curing time. Because the use of the foamed concrete begins at 28 d after casting or earlier, it is important to predict the strength of foamed concrete immediately after casting and thereafter.
e e ects of the curing time on the compressive strengths of three casting densities are shown in Figure 9 . It can be seen that the compressive strength increases with the 6 Advances in Materials Science and Engineering curing time; initially, the rate of increase in the compressive strength is large and it slows as the curing time increases. e relationship between the compressive strength and the curing time can be expressed by the following equation for a given density and mix constitution:
A comparison of the results shown in Figures 9(a)-9 (c) indicates that for the same casting density and curing time, the compressive strength is highest for the cement mix, followed by Figure 8 : Microscopic photographs of the pore wall structures of (a) high-density and (b) low-density casting foamed concrete.
Advances in Materials Science and Engineeringthe cement-y ash mix and the cement-sand mix. e compressive strength is almost stable at 90 d for the cement mix and the cement-sand mix; the compressive strength does not increase after 180 d for the cement-y ash mix. It is evident that the values provided by the prediction model are lower during the early stage and higher during the late stage compared with the test values. e compressive strength decreases when y ash is added, but the attenuation ratio decreases with an increase in the casting density. e B 2 values are similar for the cement mix and the cement-sand mix, but the B 2 value is lower for the cement-y ash mix. Because the hydration reaction material in the cement mix and the cement-sand mix is cement, the hydration rates are very similar under the same curing conditions [35] , while the hydration rate of the y ash is lower. e B 2 value represents the hydration rate of the raw material. e following equation is derived from (6) and (7):
where t is the curing time, 1 < t ≤ 365; A is the parameter associated with the compressive strength of concrete; B is the parameter reflecting the hydration rate of the mix constituents; and C is the parameter reflecting the porosity and pore structure, which is associated with the pore quality including pore size, pore shape, and so on.
When (8) is used to fit the test data, ρ * is measured when the compressive strength is tested. Table 5 shows the constants of various mix constituents. It can be inferred that there is no obvious difference in the B value for cement and cement-sand, whereas the B value of the cement-fly ash is high, which is in agreement with the foregoing conclusions. Compared with the B values shown in Figure 9 , the values are lower in Table 5 because the hydration rate of the mix constituent is reflected by the parameters B and C. When parameter C is added to the equation, the value of B decreases.
e parameter ρ * is rarely measured outside the laboratory when a strength prediction model is used. It is important to reduce the number of measurements. e dry densities are similar for different curing times for the same casting densities. When the differences are ignored, the dry densities are only measured after 1 yr. e results are shown in Table 6 .
A comparison of the data shown in Tables 5 and 6 shows that the A and C values are lower in Table 6 for the same mix constitutions, while the B values are higher. e degree of fit decreases for all mix constitution, although a high degree of fit is still ensured. erefore, the assumption of ρ * � ρ * 365 is reasonable in order to simplify the model. At the same time, ρ * can be simply calculated using (9) according to the "Technical specification for application of foamed concrete" (JGJT341-2014):
where S a is an empirical constant for certain cement and admixture factories, m c is the cement dosage of foamed concrete per cubic meter, m m is the admixture dosage of foamed concrete per cubic meter, and m s is the fine aggregate dosage of foamed concrete per cubic meter. In this study, S a equals to 1.211, 1.216, and 1.175 for the cement mix, cement-sand mix, and cement-fly ash mix, respectively. e values are very similar for the cement mix and the cement-sand mix.
e value is slightly lower for the cement-fly ash mix because cement is a hydraulic binding material and fly ash is the active mineral admixture; the addition of fly ash reduces the value of S a . Cement is the hydration reaction material in the cement-sand mix, and sand is the nonactive admixture; therefore, the S a values are similar for the cement mix and the cement-sand mix. Combined with the other results, (9) can be used to calculate the dry density, in which S a is an empirical constant for a given mix constitution and a given cement factory. When there are no measurements of dry density, the following equation can be used to predict the compressive strength of foamed concrete: 
Conclusion
e following conclusions can be drawn based on the experimental and comparative results:
(1) e measured porosity is slightly lower than the theoretical porosity due to few inaccessible pores. (2) e compressive strength increases with the increase in the ratio of dry density to solid density following the equation A 1 (ρ * /ρ s ) B 1 for all three types of foamed concrete.
e B 1 value is similar for the cement mix and the cement-fly ash mix. e value of B 1 is lowest for the cement-sand mix, followed by the cement mix and the cement-fly ash mix. (3) e compressive strength increases with the curing time following the composite function A 2 (ln t) B 2 for all three types of foamed concrete. e B 2 values are similar for the cement mix and cement-sand mix, but the B 2 value is lower for the cement-fly ash mix. (4) Based on the results that the compressive strength changes with the porosity and the curing time, a prediction model taking into account the mix constitution, curing time, and porosity is proposed. A simple prediction model is put forward when no experimental data are available.
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